


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1968 


A Spectroscopic Investigation of Moving 
Striations in A Neon Glow Discharge. 


Courtney, Wallace Christian 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/28558 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

; | LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


UNITED STATES 
NAVAL POSTGRADUATE SCHOOL 





THESIS 


A SPECTROSCOPIC INVESTIGATION OF MOVING 


STRIATIONS IN A NEON GLOW DISCHARGE 


by 


Wallace Christian Courtney 





June 1968 


{ESIS 
15673 WROTE Be et eer Con 









NAVAL POSTGRADUATE SCHOOR 
WONTEREY. CALIF. 93940 





A SPECTROSCOPIC INVESTIGATION OF MOVING 
STRIATIONS IN A NEON GLOW DISCHARGE 
by 
Wattace Christian Courteney 


Lieutenant Commander, United States Navy 
B. Mar. E., New York State Maritime College, 1959 


Submitted in partial fulfiliment of the 
requirements for the degree of 


MASTER OF SCIENCE IN PHYSICS 
from the 


NAVAL POSTGRADUATE SCHOOL 
June 1968 


ABSTRACT 


An investigation of moving striations in a neon glow 
discharge, using a Baird-Atomic Plasma Spectrograph, was 
conducted to determine the time difference in the occurrence 
of the maxima of the neon spectral lines. Data are presented 
in the form of oscilloscopé*traceehotographs. These photo- 
graphs were analyzed to determine the time differences in 
the occurrence of the maxima of the 6402A and 5944A lines 
and the 6402A and 6929A lines of neon. Discharge tube 
pressures of 1.4, 2.74 and 4.45 torr were used with a varia- 
tion of discharge tube current at each pressure. No time 
differences were observed within an uncertainty of abpeons 


imately 15 microseconds. 
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CHAPTER 1 
IN inierodue t On 

Direct current glow discharges have been observed for 
many years. The name striations has been given to the alter- 
nate light and dark areas found in the discharges. Standing 
striations, which are visible to the naked eye, were discov- 
ered by Abria in 1843. Moving striations, which move with 
such a high velocity that they are not visible to the naked 
eye, were discovered about 30 years later. Despite the long 
history of the striations in gas discharges, few of these 
phenomena were understood until the last decade. 

For many years moving striations were observed with a 
rotating mirror. Now the striations may be observed more 
effectively with a photomultiplier tube and oscilloscope. 
Despite the improvement in experimental technique, and the 
recent increased interest in this phenomenon, many questions 
are still unanswered. The interaction between the atoms, 
ions and electrons in the gas discharge is very complicated 
and presents a formidable challenge. The problem is further 
complicated by the fact that the discharge phenomenon is 
highly dependent on the tube geometry, gas pressure, gas 


purity and discharge current. 


Zia Gaseous Discharges 

If an electric field is applied between two electrodes 
in a glass tube containing an inert gas such as neon, a dis- 
charge may be started. Prior to the initiation of the dis- 


charge a very small current exists in the tube. As the 


voltage is increased a critical voltage is reached at which 
the current increases many fold. This voltage is called the 
sparking potential. After the discharge has started, the 
potential drop across the tube decreases and the discharge is 
characterized by the emission of light from the tube. 

One might expect, Since a direct current voltage is 
applied across the tube, that the discharge would be homo- 
geneous. However, this is not always the case. If the gas 
pressure in the tube is on the order of a few torr, the dis- 
charge can be described as consisting of regions of low and 
high light intensities. Adjacent to the cathode is the 
Aston dark space, followed by a high intensity region, the 
cathode glow; this is followed by the cathode dark space and 
then the negative flow; then comes the Faraday dark space, 
the positive column, the anode glow and finally the anode 
dark space. The glow discharge is depicted in figure l. 

A discharge may be operated under "hot" or "cold" 
cathode conditions. The hot cathode condition is obtained 
by heating the cathode with a filament as is done in a sim- 
ilar manner in an electronic vacuum tube, the cathode in this 
case being some kind of efficient thermionic emitter. A 
tungsten filament is commonly used in a discharge tube. In 
cold cathode operation, electrons are produced primarily by 
ion bombardment of the cathode, which may be a nickel plate. 
Figure 1 shows that the large electric field in the vicinity 


of the cathode accelerates the ions into the cathode. 


Figure 2 shows a typical current-voltage characteristic 
for a cold cathode tube. Below eT the sparking potential, 
essentially no current passes through the tube. When a volt- 
age is greater than Ver the Current in the tube may be in- 
creased by decreasing the amount of series resistance. As 
the resistance is decreased, the current increases along the 
region of the characteristic from a to b. In this region 
the current is very low, on the order of a microampere, and 
the light intensity is very feeble. Further reduction of the 
resistance increases the current over a large range of values 
with little change in the voltage across the discharge tube. 
The conditions that exist for this range of currents (b toc 
on the curve of figure 2) are referred to as the "normal" 
conditions and they are determined uniquely by the type of gas 
and cathode material used. Further increase in the tube cur- 
rent beyond the normal range will occur only at the expense 
of an increase in the voltage. 

As electrons are emitted from the cathode they are 
accelerated towards the anode, gaining energy from the elec- 
tric field. The electrons must be accelerated through a 
finite distance before they gain enough energy to excite the 
atoms of the filling gas to their lower excitation levels; 
this accounts for the Aston dark space near the cathode. The 
cathode glow occurs at the point in the discharge where the 
electrons first have enough energy to excite the neutral atoms. 

Suppose that prior to the initiation of the discharge the 


individual concentrations of the electrons and positive ions 


were egual at all points between the cathode and the anode. 
When the potential is applied between the cathode and anode, 
the electrons are accelerated towards the anode and the ions 
(if any exist) are accelerated toward the cathode. The elec- 
trons, however, move much more rapidly than the positive ions 
and a positive space charge is produced in front of the cath- 
ode. Although new ions and electrons are continually pro- 
duced in the discharge, the positive space charge maintains 
its position in front of the cathode. This region of pose 
itive space charge is the cathode dark space and it is dark 
for the following reasons. Line spectra are not observed 
because the electrons entering the dark space have an energy 
too high for a high probability of excitation to occunm. Gage 
spectra due to ion-electron recombination do not occur be- 
cause the diffusion relaxation time for diffusion to the walls 
is much shorter than the relaxation time for recombination and 
therefore recombination does not occur. 

Figure 1 shows that the greatest potential drop in the 
tube oceugs between the cathode and che Regatl we alow: It ue 
well known that for a parallel plate capacitor, with no space 
charge between the plates, the voltage drop across the capac- 
itor is linear. However, if a positive space charge exists 
between the plates, this charge screens the positive plate 
from the negative plate. Thus the voltage drop across the 
plates is non-linear, with the Largest part of the drop occur- 
ring between the negative plate and the positive space charge. 


In a loose sense one may consider the discharge tube to be a 
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Capacitor. The positive space charge of the cathode dark 
space shields the anode from the cathode and the largest po- 
tential drop occurs between the cathode and the negative glow. 
This drop in potential is called the cathode fall. 

The. magnitude of the cathode fall and the length of the 
cathode dark space are functions of the filling gas used, the 
gas pressure and the cathode material. The cathode fall may 
be reduced, and the current density increased, in the tube, 
by increasing the secondary emission from the cathode. This 
may be done, for example, by flooding the cathode with pho- 
tons of sufficient energy to produce electrons through the 
photoelectric effect. 

The average energy of the electrons is reduced in col- 
lisions as they pass through the negative glow. This is 
evident from the observation that spectral lines arising from 
the higher energy levels appear nearest the cathode. Elec- 
tron and ion concentraion are highest in the brightest part 
of the negative glow. This concentration is normally higher 
than in any other part of the discharge and may be as high as 


101+ 


per cubic centimeter, perhaps ten to one hundred times 
the concentration that occurs in the positive column. The 
maximum concentration within the negative glow falls off 
rapidly in the direction of both the anode and the cathode. 
The electric fields are always found to be small in the 
Faraday dark space. (In fact, the electric field is reversed 
in many low pressure cases. However, it has been shown that 


under these conditions the concentration gradient is suffi- 


Cient to cause the necessary transport of electrons to the 


id 


anode.) The main current between the cathode dark space and 
the negative glow is probably sustained by electrons coming 
from the cathode dark space; the flow of any positive ions in 
the opposite direction is small compared to the electron tiow. 
The current between the negative glow and the Faraday dark 
Space is carried largely by diftusion of slow electrons due 
to the concentration gradient. 

The anode glow is often found to be unstable. This 
instability may take the form of an oscillation about a mean 
position or an oscillation between two difterent forms. 

Large anode glows are sometimes found to consist of a rotating 
pattern of small regularly arranged spots, whose speed of 
rotation 1S sometimes slow enough to be seen with the naked 
eye. These instabilities may be supressed by the use of an 
auxiliary discharge at the anode. 

If the tube length is relatively long compared to the 
tube diameter, the major part of the discharge will consist 
of the positive column, a weakly ionized plasma. (The term 
plasma was first applied to the positive column of a gas dis- 
charge by Irving Langmuir. He used this term to convey the 
idea that the positive and negative charge densities were 
approximately equal in the positive columns of the discharges 
with which he was working.) 

The positive column is maintained by a small residual 
electric field which accelerates the electrons, replacing the 
energy they lose through collisions, such that the rate of 


production of ions by electron impace on neutral atoms is 


LY 


balanced by the loss of ions by diffusion to the walls. Ac- 
tually ions may be lost to the tube walls in two ways, by 
diffusion and by free fall. The difference in the two cases 
is in the length of the mean free path. In the case of dif- 
fusion, the mean free path between collisions for the ions is 
short enough that the ions suffer many collisions enroute to 
the wall, while in the free fall case the ion mean free path 
is so long that the ion reaches the wall without making any 
collisions. For the pressures used in our experiment the 
10n méan free path was on the order of 2.5 x Tome Ci. s.cance 
the tube radius was 3 cm the ion loss was due to diffusion. 
In this tube the pressure would have to be on the order of 
OO. x on torr for the free fall condition to prevail. 

The longitudinal potential gradient within the positive 
column has been found to approach a limiting value as the 
tube diameter is increased. This limiting value depends only 
on the nature and pressure of the gas. The positive column 
is usually more luminous in narrow tubes. However, for a 
given tube diameter, the brightness is a function of gas 
pressure, reaching a maximum as the pressure is increased. 

Although one might expect that the light intensity would 
be uniform within the positive column, many observations have 
shown that for a wide range of conditions the light intensity 
is not uniform. That is, the positive column itself may con- 
Sota lawtetons (dark and ligt req ons). -ote lactone sare 


well known to appear in diffusion maintained positive columns 


Dilt~ethelir occurrence in the free fall case is not well 


NS) 


established. As previously mentioned these striations may be 
moving or stationary. This experiment 1s concerned with the 


phenomenon of moving striations. 


on _ Moving. Striations 

me }6UUDperm and bower err clea. CUrrenus 

Moving striations are spontaneously present in the nor- 
mal operation of cold cathode inert gas glow discharges. 
Pupp (22) found that for a constant gas pressure condition, 
if the current was increased sufficientiy, a striation-free 
positive column could be StiiSae This current lim@teat 
which the striation-free region occurs is called the upper 
critical current: The value”of this” curnent ico found Comse 
a function of the discharge parameters. For a convenient 
representation, the upper critical current may be plotted on 
a current (i) verse pressure (p) diagram. The resulting 
curve copeueeed the i-p space into regions where moving stria- 
tions do occur spontaneously and where they do not. Pupp made 
measurements of the upper critical current for the inert gases 
helium, neon, argon and krypton. He found the relation be- 
tween current and pressure approximately represented by the 


empirical relationship 
GC 


——S 


le = 


where c is a constant. for each gas. 

Further measurements have shown the value of the upper 
critical current to be sensitive to variation in tube diameter 
(2,3). Establishing an experimental criterion for the deter- 


mination of the upper critical current is not as simple as it 
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might seem. In some gases, particularly neon, the striations 
do not disappear from all parts of the positive column simul- 
taneously. As one might expect, since the value of critical 
current obtained depends on the position in the column at 
which striations are observed, the results of various observ- 
ers fail to agree exactly. The reason the striations do not 
disappear simultaneously has been tentatively ascribed to the 
amplification of the wave of stratification (see section 5 of 
chapter I), and the feedback to the cathode through the ex- 
Pernalecireuiit. 

There is also a lower critical current. For sufficiently 
low values of current and pressure, helium, neon and argon 
display a homogeneous positive column. The current at which 
this condition occurs is called the lower critical current 
for slow striations. The region, for which the positive col- 
umn is homogeneous, is relatively small. Below this region 
there exists a region of fast moving striations with frequen- 
cies on the order of 20 KHz. No lower limit for fast stria- 


tions has been found. 


4. Factors Influencing Moving Striations 

A. External Circuit 

The use of a large variable resistor in series with the 
discharge tube was discussed in section 2. It has been known 
for a long time that while the circuit parameters do not de- 
fine the striation frequency, nevertheless oscillations in 
the external circuit may couple with the striations C26 yi 


Pekarek (15) has shown experimentally that the amplitude and 


kD 


frequency of the moving striations are modified slightly by 
changes in the feedback characteristics of the external cir- 
cuit. He modified the feedback loop by putting a capacitor 
in parallel with the circuit resistor. if the discharge (cum. 
rent is maintained constant while the resistance is changed, 
the striations are also modified in frequency and amplitude. 
These effects are observed only near the threshold of self- 


excitationsot the<strusatnons. 


B. Tube Radius 

The effect of discharge tube diameter on moving stria- 
tions has been dramatically demonstrated in a single tube 
consisting of sections of different diameters, as shown by 
Cooper and Oleson (2). This technique has the advantage that 
gas pressure, total current and external circuit are common 
to all sections of the tube while the striations in each sec- 
tion of the tube are subject to the same effects of current 
fluctuations and external circuit oscillations, each section 
of such a tube has its own characteristic set of striations 
with a transition region occurring at the junction between 
sections of different diameter. The measured striation 
velocity, wavelength and frequency of each section of the 
tube compare closely with the results obtained in a uniform 
tube of the same diameter. The values obtained from adjacent 
sections of the tube were not necessarily integrally related. 

Several additional experiments have been performed to 
determine the dependence of the striation wavelength on tube 


Z 
radium (1, 9, 10). Experiments have been made in tapered 
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tubes using both neon and argon gas. However, the results have 
been in conflict and no general relationship between striation 


frequency and tube radius can be considered to be established. 


C. Tube Length 

It has been shown by Zaitsev (21) that for a constant 
discharge current, the amplitude and frequency of striations 
vary periodically as the length between the electrodes is 
varied. The spatial period of this variation was found to be 
equal to the striation wavelength. The frequency variation 
with change in tube length was found, in neon, to be approx- 
imately sinusoidal while this variation was approximately 
sawtooth in argon. Gertzenstein and Potemkin (8) explain 
this effect by invoking the condition for positive feedback, 
namely that the total phase shift in the loop must be an 
integral multiple of 2m for an auto-oscillating system. 
Therefore as the discharge length is changed in a self-excited 
moving striation discharge, the striation wavelength must 
change in order to keep the total circuit phase shift equal 


to 2mm, where m is an integer. 


D. Miscellaneous Geometrical Effects 

Location and shape of the electrodes can affect the mov- 
ing striations. Zaitsev (27, 28) has stated that cathode 
oscillations are less likely when the cathode is located ina 
Side-arm and that anode oscillations are less likely if the 
anode is in the shape of a curved cone of revolution. In 


addition the location of the electrodes with respect to the 


iy 


sides of the glass tube, evaporated electrode material on the 
tube walls and material deposited on the tube walls by sput- 
tering may affect the striations. Electrode material depos- 
ited on the tube walis affects the space Charge electric 


fields at the electrodes. 


ae Striation Production Mechanisms 

Numerous experiments studying moving striations have 
been performed and in many cases the results nave led to con- 
flicting theories. Donahue and Dieke (6; postulated that 
metastable states of the atoms in the discharge are necessary 
for the production of moving striations while Pekarek and 
Krejci (16) stated that moving striations may occur in the 
absence of metastable states. Oleson and Cooper (14) give 
a review of the more recent and significant theories. 

A brief description of two different mechanisms that 
could explain moving striations follows. The first iis thas 
postulated by Donahue and Dieke (6), the second by Pekarek 


and Krejci (16). 


A. Donahue and Dieke 

Donahue and Dieke explained the moving striation prop- 
agation mechanism on the basis of several assumptions. Con- 
sider that at some point Xy in the positive column there 
eXlists a poSitive space charge. Suppose that on the cathode 
side of this space charge there exists a region Xoy hikeiadlay 
populated by atoms in metastable states. Further Suppose that 
on the cathode side of this second region there exists a re- 


gion X. of maximum rate of production of metastable states. 
18 


(If electrons traveling from the cathode reach region X., with 


3 
an energy sufficiently high, excitation into the upper excited 
states occurs. Subsequent transitions downward fill the meta- 
stable states. A maximum rate cf production of metastable 
states occurs at X30) Now the eiectrons leave X4 with re- 
duced energy but are accelerated as they approach Xn. When 
ene Glectrons encountet the atoms in metastable states at X 
they excite them to higner levels, because the required energy 
is much smaller than if the atoms are in the ground state, 

and in many cases cause ionization. The electrons then pro- 
ceed to the region of positive space charge where recombina- 
tion and diffusion occur. It iS apparent that the positive 
space charge has now moved to X, and the high population of 
metastable states has moved to X3- The process being contin- 
uous, the region of positive space charge moves toward the 


Cathode and the striations propagate from the anode to the 


cathode in agreement with observations in inert gases. 


B. Pekarek and Krejci 

Pekarek first postulated his theory of the wave of 
stratification in 1957. He assumed that a perturbation in 
the homogeneous positive column of a discharge caused a tem- 
porary increase in the electron temperature at the point of 
disturbance. Consequently an increase in the number of in- 
elastic collisions between electrons and neutral atoms occurs. 
Two processes are now possible. in process I the electron 
temperature is assumed to be sutticient to cause direct ioni- 


zation of the neutral atoms, resulting in an increase in 


ee 


production of charged particles of both signs. The electrons 
because of their higher mobility, move away from the initial 
disturbance more rapidly than the positive charges, leaving 
a poSitive space charge in the vicinity of the initial dis- 
turbance. This space charge eventuaiiy decays through dif- 
fusion. In process If the change in electron temperature pro- 
duces metastabie atoms, rather than ions, which are subse- 
quently ionized, with a positive space charge being formed in 
the same manner as in process l. 

Consider the initial disturbance in eiectron temperature 
to occur at some point X, in the tube. In both processes a 
positive space charge is created which generates a local 
electric field opposing the applied electric tield. MThere- 
fore, on the anode side (position X,) of the positive space 
charge there is a region of decreased electric field and. low- 
ered electron energy. Hence a dark space is formed in which 
the lowered electron temperature results in a deficiency in 
ions and metastable atoms and in the formation of a negative 
Space charge. This negative space charge causes a local in- 
crease in the electric field which adds to the applied field, 
thereby increasing the electron temperature to the anode side 
of the negative space charge. This increase in electron tem- 
perature causes process I or II to occur again, producing a 
light region. Therefore, if an initial disturbance occurs at 
the cathode, a packet of light and dark regions called a 
packet of stratification propagates down the tube from the 


cathode to the anode. In the case of self-excited striations 


ZU 


(when the amplification around the loop is greater than one), 
the packet of stratification Causes a disturbance at the anode 
which 1s transmitted through the external circuit back to the 
cathode where another packet ot Striations is formed. This 
process repeats itself and a continuous wave of stratification 
is formed. In this model, the moving striations move within 
the packet of stratification in the direction opposite to the 
motion of the packet. This 1s explained as follows. Consider, 
once again, the initial perturbation to the electron tempera- 
ture. The increase in local electric field strengthens the 
applied electric field on the cathode side of the disturbance, 
creating a light region. This increase in electric field 
causes an increase in the electron temperature further toward 
the cathode which causes another increase in the electric 
field and so on. In this manner the light region is prop- 


agated toward the cathode. Now consider the point X the 


9! 
position at which the initial decrease in electron temperature 
occurred. On the cathode side of X, the electric field is 
decreased causing a decrease in electron temperature further 
toward the cathode and hence the dark region originating at 
position Xo 1s propagated toward the cathode. In a similar 
manner other successive perturbations in the electron tempvera- 
ture will propagate light and dark regions toward the cathode; 
that is the striations move toward the cathode. 

Equations representing processes I and II have been writ- 


pene ang solved for the case where thesanitial disturbance. is 


a Dirac delta-function. The differential equation representing 


2 


process I is given by 


de + oe, + OA =O a 


Process II is represented by 


dt” 


where, 


dS + (arb) ccoan + AbGr + Bq = O ay 


9 = electron temperature. 
a = time constant for space charge decay by 
Git ween 
b = time constant for metastable state decay 
by two stage ionization. 
A and By = amplification parameters 
v represents the ordering of successive maxi- 
ma and minima in the electron temperature. 
The maxima are denoted by v=. 0, 2,. 47 eee 
the minimaebyev- = (ies peo eee 
The exact solution to equation (1), assuming a delta-function 
input, is 
2hget] at. val 
\~A wath [we 
Obi=A * xc lect)? ae (3) 
ec 1 aeseei) 
where, 





aaa 


A 


zis the distance down the axis of the tube. 

v is the velocity of propagation of the disturb- 
ance in the electron temperature. 

A is the distance between successive peaks in 


the electron temperature dist@ubance. 


AG 


C is the amplitude of the initial delta-function 
disturbance. 

at ) 1s the gamme function or the argument in 
the parenthes.s 

This rather compiicated expression consists of two parts, 
a coSine term which is a traveling wave term and a complicated 
time-dependent amplitude term which modifies the traveling 
wave. Figure 3 shows a plot of equation (3). Analysis of 
this equation shows that the wave of stratification travels 
in the negative z direction where the positive z direction is 
defined as the direction from anode to cathode. If it is 
assumed that the light intensity variations are directly pro- 
portional to the changes in the electron temperature, then 
equation (3) will show the changes in light intensity at an 
arbitrary oO place. 

Pekarek (17) has conducted experiments in neon and ver- 
ified some of the predictions of his theory on the wave of 
Stratification. In particular he found the time for the maxi- 
mum of the wave of stratification to arrive at a given point 
in the positive column, measured trom the instant of excita- 
tion, to be in good agreement with the theory. However, he 
found that the time width at a given point in the positive 
column, corresponding to the time dirference at which the 
amplitude is one halt maximum, was iarger than predicted by 
theory. 

Pekarek and Novak (18, 19; have shown experimentally 
that there can exist three waves ot Stratitication, the slow 


wave (p-wave), the tast wave (c-wave) and a raster wave 


a 


(s-wave). The wave velocities are dependent on the relaxation 
times involved in the mechanisms causing the waves. Process 
II (previously described) involves metastabie states and their 
relatively slow diffusion rates and therefore seems to cor- 
relate with the slow wave. Process I involving single stage 
ionization would seem to be applicable to the r and S-waves. 
A comparison of the relaxation aes of the two faster waves 
has shown that the relaxation me of the r-wave corresponds 
to the diffusion lifetime of atomic ions (Ne’) while the 
relaxation time of the faster s-wave corresponds to the dif- 
fusion of molecular ions (Ne,*). (8) 

An important difference in the two mechanisms that have 
been presented is that the Donahue and Dieke model requires 


the presence of metastable states while the Pekarek and Krejci 


model does not require metastable states but does allow them. 


6. Previous Spectroscopic Investigation of the Striations 
Several experiments have been performed in which the 
spectrum emitted by the moving striations has been studied. 
(Several spectroscopic studies of an argon discharge were 
made at the Naval Postgraduate School during the period 1956 
to 1958.) In some experiments the results have been inconclu-- 
Sive, while the results of some others have been contradictory. 
For example, Donahue and Dieke found the lower excitation 
potential lines in mercury-argon to lead, while Rutscher found 
the lower excitation lines in neon to lag. The present work 
was conducted to see if conclusive results could be obtained 


in neon by repeating Rutscher's experiments. 
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Donahue and Dieke (6) observed in a mercury-argon dis- 
charge that the maximum of the 2537A line, of low excitation 
potential, leads the maxima of the lines of higher excitation 
potential. Rutscher (24) observed 15 spectral lines in neon 
and noted that the maxima of the higher excitation potential 
lines appeared to lead the maxima of the lower excitation 
potential lines. 

At this point it is in order to define the term "phase" 
shift" as it will be used in this paper. Phase shift is de- 
fined to be the time difference between the occurrence of the 
maxima of the two spectral lines being compared. 

The mechanism postulated by Donahue and Dieke for the 
production of moving striations was postulated to explain the 
phase shift that Donahue and Dieke observed in the mercury- 
argon discharge. Their model required that two-stage ioni- 
zation take place, with the higher levels being excited from 
lower metastable states. Since the lower excitation levels 
are excited first, one might expect the maxima of lower ex- 
citation lines to occur first, while Rutscher found the 
opposite results in neon discharges. On the other hand, 
the Pekarek and Krejci model does not require the presence 
of metastable states and 1s more general in its application 
but requires a somewhat detailed knowledge of parameters in 


the discharge which are frequently not available. 
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CHAPTER If 
ilk Experimental Techniques and Procedures 

A Baird-Atomic Plasma Spectrograph was used to resolve 
the various spectral lines of the neon gas discharge. The 
spectrograph setting used covered the range of 4800A to 
7600A, which included all lines of interest, although the 
spectrograph has an overall range from 2000A to 22630A. 

The discharge tube was orientated perpendicular to the 
spectrograph optical axis, with the spectrograph entrance slit 
aligned approximately with the center of the discharge tube. 
An aperture of about 6 mm width was placed near the discharge 
tube to provide spatial resolution of the discharge. The 
light from the discharge tube was focused onto the 750 micron 
entrance slit of the spectrograph by a quartz lens. 

Two photomultiplier tubes were mounted on a rack at the 
front of the spectrograph. Two tubes were used so that two 
spectral lines could be compared simultaneously. In order 
.to facilitate the location of the photomultiplier tubes on 
the lines, a paper mask was made which had slits cut at the 
positions of the spectral lines. Because the faces of the 
Secomult ip lie tube mounts were so large that light from 
more than one spectral line illuminated the face of the tube, 
another single slit mask of smaller dimension was made so 
that only the light from one line reached the face of the 
tube. Due to the small separation of most of the spectral 
lines, adjacent lines could not be compared (with one excep- 


tion). The 5400A line was separated from its adjacent line 
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sufficiently to allow comparison, but it was too weak to use. 
Appendix I shows the neon lines which were of interest. 

The outputs of the photomultiplier tubes were fed into 
a Tektronix model 547 dual trace oscilloscope. The oscillo- 
scope was triggered by a separate photomultiplier tube which 
looked directly at the discharge tube. 

Since the object of the experiment was to compare the 
time at which the various spectral lines reached their maxi- 
mum intensity, it was important that the photomultiplier 
tubes have similar responses. Two tubes were selected from 
a group of six. The tubes were checked for frequency response 
by locating a strobe light near the grating in the spectro- 
graph. The photomultiplier tubes were connected to the 
oscilloscope and the output signal observed with the strobe 
light operating at 400 Hz. Figure 4 indicates that the sig- 
nals reached their maxima at the same time. The horizontal 
sweep speed 1s 5 microseconds per cm. A 2 microsecond vhase 
shift would easily be observed. 

The effect of varying the photomultiplier tube signal 
cable length was also studied. It was found that varying this 
cable length did not change the time at which the signal 
peaked but that it did change the shape of the decaying trace. 
It was also noted that longer cables resulted in a serious 
eee in signal strength. To minimize these effects, the 
cables were made the same length and as short as possible, 


about a meter in length. 
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The discharge was operated cold cathode with an auxiliary 
discharge at the anode. Preliminary measurements were then 
made over a range of discharge parameters. The data were re- 
corded in photographs taken with an oscilloscope camera. The 
Janene results were entirely inconclusive because the sig- 
nals were too noisy to be able to tell where the maxima oc- 
curred. This was true for a variety of discharge tube pres- 
sures and currents. The possibility of cooling the photo- 
multiplier tubes was considered. It was expected that the 
photomultiplier tube noise would be decreased to an unknown 
extent. The technique of blowing liquid nitrogen across the 
cathode of the tube was tried with the results shown in fig- 
ure 5. The bottom picture shows the 6402A trace (bottom 
trace) and the 5944A trace before cooling the photomultiplier 
tubes. Note that the signals are unusable. The top picture 
shows the dramatic change in the same signals after cooling. 
The noise is greatly reduced and the signal in one case is 
increased. The signal peaks are in the same relative posi- 
tions as in the bottom picture. Discharge tube parameters 
and oscilloscope settings were exactly the same for both 
pictures. 

The cooling of the photomultiplier tubes was simvly 
accomplished as follows. A concentric double length of 
tubing is put into a 50 liter dewar. The tubing is held 
tightly in the dewar by thick rubber tubing at the mouth of 
the dewar. The inner metal tubing is connected by plastic 


tubing to a bottle of dry nitrogen gas. The outside annular 
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tubing is terminated in aT connection. Two pieces of plas- 
tic tubing, connected to the T, lead the liquid nitrogen from 
the dewar to the photomultiplier tube faces. The anvaratus 
is shown in figure 6. The dry nitrogen gas is used to pres- 
surize the dewar thereby forcing the liquid nitrogen out. 

The liquid nitrogen cooled the face of the tubes without 


cauSing condensation on them. 
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CHAPTER III 
A Analysis of Data 

Rutscher (13) studied the phase differences of the 
spectral lines of a neon gas discharge. His experimental 
technique was similar to ours. Rutscher used a Zeiss mirror 
monochromator to study the individual spectral lines, meas- 
uring the monochromator light output with a Zeiss Jena SEV 
(secondary electron multiplier). The output of the SEV was 
fed through an A-C amplifier to ah oscilloscope. In order 
to compare two spectral lines a photograph of the trace of 
Pic tars t iiquemn are taken and then double exposed to record 
the trace of the second line. 

Appendix I shows Rutscher's results. His data were 
taken for the following conditions: pressure 1.4 torr; 
discharge tube current 100 ma; discharge tube diameter 6 cm; 
striation wavelength 9 cm and striation frequency 2320 Hz. 
His results indicate that the maxima in the transitions from 
the higher excitation levels occur first. ~This Goes mor 
support the model postulated by Donahue and Dieke (3). 

In our experiment Rutscher's conditions were matched as 
Closely as possible, although signals from the 6402, 5944 
and 6929A lines were the only signals strong enough to give 
meaningful data. The 6402A and 5944A lines were compared at 
a pressure of 1.4 torr and tube current of 142 ma. (This is 
the closest approach to Rutscher's experiment that could be 
obtained. The instabilities in the striations were too 
great to get any data at his exact conditions.) The 6402A 


and 5944A lines were also compared at pressures of 2.74 torr 
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and 4.45 torr for a number of discharge tube currents. The 
6402A and 6929A lines were compared at a pressure of 4.45 
bomr and discharge tube currents of 150, 200 and 250 ma. 

The relatively high uncertainty of the measured stria- 
tion wavelength and frequency for the 6402A and 6929A line 
comparisons, was caused by relatively unstable striations. 
In general, the frequencies found in this experiment were 
on the order of 500 Hz while Rutscher's frequency was 2320 
Hz. Rutscher reported a wavelength of 9 cm, while the wave- 
lengths in our experiment were on the order of 11 cm at 4.45 
torr and 16 cm at the lower pressures. There is some ques- 
tion as to what Rutscher's tube diameter was. In Rutscher's 
table of results he states the discharge tube conditions 
and lists R= 3 cm. We interpreted this to mean that the 
tube radius was 3 cm; however, the R may represent the first 
letter in the German word for tube diameter. Our tube diam- 
eter was 6.35 cm in diameter thinking that it closely apvprox- 
imated Rutscher's 6 cm diameter tube. 

During the experiment the oscilloscope was kept in the 
chop mode and not the alternate mode between the two traces. 
The chopping is shown clearly in figure 4 and is of suffi- 
ciently high frequency as not to effect the data. The use 
of the chop mode eliminated the possibility of a pohase shift 
being introduced by the oscilloscope. As previously stated, 
the equipment was capable of detecting a 2 microsecond phase 
shift. The pairs of lines that were compared were those 


which had been reported to have reasonably large phase shifts. 
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The single sweep mode of the oscilloscope was used in 
taking all the enctoa washes The use of this mode enables 
pictures to be taken even when the striations were somewhat 
unstable. 

Measurements of striation frequency and wavelength were 
also made at various discharge tube parameters. The stria- 
tion frequency was measured directly from the oscilloscope 
face using the horizontal sweep speed and the number of peaks 
per cm. This was done by using the trace obtained from the 
externally mounted photomultiplier tube, previously used for 
triggering. The wavelength was measured using another ex- 
ternally mounted photomultiplier tube which was moveable. 
This second tube was mounted on a rack in such a manner that 
the amount that the tube was moved was measurable. The dual- 
trace oscilloscope was then used to compare the traces from 
the two externally mounted photomultiplier tubes. First the 
peaks of the two traces were aligned. Then the moveable 
photomultiplier tube was moved until the peaks of its trace 
had moved exactly the distance between the peaks of the sta- 
tionary trace above it. The wavelength was then measured 


from the scale on the rack. 


hae Results 

Approximately 55 observations were made, each data point 
being the average of four to six observations. Within the 
experimental uncertainties shown in the table below, no phase 
shifts were observed. Figure 7 shows a typical photograph 


used, showing clearly that there is no discernible phase shift. 
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TABLE OF RESULTS 
Differences in the Time at Which the Maxima Occurred 


For the 6402A and 5944A Wavelengths 





Discharge Discharge 





Tube Tube Phase Diff. Striation 
Pressure Current of maxima Frequency Wavelength 
(torr) (ma) (microseconds ) (Hz) (cm) 
lee ikea pt. 2 0 --- —---** 
Ze 4 100 Qe ea abs BS Ore a6 es ees 16 
135 07 eo --- --- 
15:0 Oe TES) B32 6 LES ie 
200 OE ee a S320 16.41 
22.5 OMe 8 BAD nO 16.50 
A245 150 0.420 --- --- 
200 Oot2e wEG --- --- 
250 ONES 20 --- --- 


Differences in the Time at Which the Maxima Occurred 


For the 6929A and 6402A Wavelengths 


4.45 150 O + 25 500 + 25% 10.0 + 1.0% 
200 0 + 25 500 + 25 lee abe (6 
250 0 + 25 500 + 25 11.05 120 


Shit size 750 microns 
** Data not available 


* Striations not stable enough to get more accurate readings. 


S. Conclusions 

The results of this experiment do not agree with Rutscher. 
However, 1t 1s possible that the two experiments studied dif- 
ferent striation phenomena. Rutcher'‘s striation wavelength 
was on the same order of magnitude as tound in this experi- 
ment, while his striation frequency was four times greater. 
This implies that his striation velocities were approximately 
four times as great as the striation velocities found in this 
experiment. The dirference in the striations might be due 
to ditferences in discharge tube geometry. The question of 
the possible difference in tube diameters has previously been 
explained. In addition Rutscher did not state his tube 
length. The diagram of Rutscher's experimental apparatus 
found on page 2 of his paper (13) shows the discharge tube 
to be shaped somewhat like an incandescent light bulb. Such 
differences in tube geometry would certainly cause some dif- 
ferences in the corresponding striations. In addition dif- 
ferences in the results may also have been caused by differ- 
ences in the circuit supplying the potential across the tube 
Since the external circuit plays an important part in the 
amplification mechanism of the striations. 

More recent studies as reviewed by Oleson and Cooper 
(6), andicate that metastable states are not necessary for 
the production of fast moving striations. If the two-stage 
ionization process is not necessary, then the mechanism pres 
posed by Donahue and Dieke is not a general model, and it 


follows that the lower excitation transitions need not occur 
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first. Furthermore it is entirely plausible that some other 
mechanism may be responsible for the lower excitation transi- 
tions lagging the higher excitation transitions as found by 
Rutscher in fast moving striations. 

The occurrence of metastable states is prevalent in slow 
moving striations, so the Donahue and Dieke model may be 
accurate for this phenomenon, and the lower excitation 
transitions may be expected to lead in the slow striations. 

Slow striations were studied in this experiment while 
Rutscher's results (Appendix I) are for fast striations. 

The difference in the results in the two experiments may 
therefore be reasonable. Since slow striations were studied 
in this experiment it might be expected that the lower ex- 
Citation transitions would lead the higher excitation transi- 
tions as predicted by the Donahue and Dieke model. Within 
the experimental uncertainties of our experiment no phase 
shifts were noted. Small phase shifts may have existed but 
certainly phase shifts of 30 microseconds and larger did not 


occur. 
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APPENDIX I 


RUISCHER SseReSUiisS 


Neon; p = 1.4 Torr; R =_3 cm;_1 = 100 ma; 1 = 9 cm> £ = 222 
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APPENDIX II 


EXPERIMENTAL APPARATUS 
ne Vacuum System 

A schematic diagram of the vacuum and filling system is 
shown in figure 8. The system consisted of the following 
equipment: 

a. Type Ed-150 Edwards Speedivac Fore Pump. 

b. Veeco 2" air cooled diffusion pump. 

Go Zao wuter Copper trap attached to the top ct the 

ditius lone pump. 

ad. Granville-Phillips Company Type C ultra-high 

vacuum valve located between the pumping system 
and the filling manifold. 

e. Alpert type VAU-25 ultra-high vacuum valve located 

at the entrance of the discharge tube. 

System pressure measurements were made by two thermo- 
couple gauges, one located between the diffusion and fore 
pumps, the other located above the main cut-off valve; and 
a GCA Corporation BA 100N ionization guage located between 
the cold trap and the main cut-off which was controlled by 
a Veeco vacuum gauge, type RG-31A. 

The system was capable of reducing the discharge tube 


Breesstire to 2 °x 107’ torr. 


24 Discharge Tube and Gas Filling System 
The discharge tube was a cylindrical pyrex tube with an 


overall length of 91 cm and a length between electrodes of 


oe 


67.7 cm. The tube diameter 1s 6.35 cm. The electrodes at 
each end of the tube were identical and were made of tantalum. 

In the initial stages of the experiment, the entire glass 
system was cleaned by heating the glass with heating tapes. 
The system was heated to temperatures on the order of 300°C 
while the vacuum system was operating. Pressures on the order 
Of 25m 10°! tarr were obtained with the system temperature 
at 300°C. The discharge tube elements were then outgassed 
uSing an rf induction heater. This cutgassing was done while 
the system was still hot. At the completion of outgassing 
the elements, neon gaS was admitted to the discharge tube and 
the elements were then cooled in the necn atmosphere. Final 
Cleaning of the discharge tube was accompiished by running 
several discharges in the tube until stable striations were 
obtained. 

After the system was bakedyvout, the rilling manifold 
and discharge tube were isolated from the pumping system by 
Closing an ultra-high vacuum valve. This eliminated ail the 
metal parts of the system which might cause gas contamination 
through outgassing of these metal parts. The discharge tube 
was then filled with neon at the desired pressure and sealed 
off by closing the ultra-high vacuum valve located at the 


entrance of the tube. 


3: Power Supplies 
The following power supplies were used as indicated. 
a. The discharge voltage was supplied by a Kepco Labs 


model 770B regulated voltage (0-600v DC, 3 amp) 
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power supply. The tube current was measured using 
the built-in ammeter in conjunction with another 
ammeter connected in the circuit. 

b. An auxiliary Pupps discharge was maintained at 
the anode by a Kepco Labs model 500B regulated 
voltage (0-600v DC, 300 ma) power supply. 

Cc. A Power Designs Pacific Inc. model HV-1565, 
regulated voltage power supply (1-2000v DC, 15 ma) 
Supplied power to two RCA 7102 photomultiplier 
tubes mounted in the spectrograph. 

ad. A Harrison Model 6515A (0-1600v DC, 0-5 ma) suv- 
plied power to an RCA 1P21 photomultiplier tube 
which was used to provide an oscilloscope trig- 


gering signal. 


4. Spectrograph and Measuring Instruments 

A schematic diagram ot the physical arrangement of the 
equipment 1S given in figure 9. The light emitted from the 
discharge passed through the adjustable slit, through the 
lens and was focused on the 750 micron entrance slit of the 
spectrograph. 

The spectrograph was a Baird-Atomic Plasma Spectrograph 
with a three meter concave grating ion oy fe mount), ruled 
with 15,000 lines per inch. The discharge tube was mounted 
perpendicular to the optical axis of the snectrogranph. 

Two RCA photomultiplier tubes were mounted in a rack in 
the front of the spectrograph. The signal outputs of these 


photomultiplier tubes were ted to the input of a Tektronix 
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type 1lAl plug-in preamplifier (12.5 nanosecond rise time). 
The pre-amp inputs were loaded by connecting 5 i megohm re- 
Sistors in parallel across the inputs. This value of resist- 
ance provided the maximum signal strength on the osciilo- 
scope. The preampiifier was plugged ints a Tektronix type 


547 dual-trace oscilloscope. 


oe Miscellaneous 

An RCA 1P21 type photomuitipiiter tube was used to pro- 
vide a triggering signal to the oscilloscope, and was con- 
nected directly to the trigger input. 

The neon gas used was manufactured by the Linde Division 


of the Union Carbide Corporation. 
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